Introduction
The technique of laser-induced breakdown spectroscopy (LIBS) has been drawing unprecedented attention in recent years, due to its capabilities for rapid response, in situ elemental analysis with low invasiveness, and simultaneous multielement detection, normally without the need for sample preparation [1] [2] [3] [4] [5] [6] . LIBS has already been applied in a wide range of applications, such as civilian and military environmental monitoring, cultural heritage analysis and characterization, and biological and medical identification, as well as space exploration [7] [8] [9] [10] [11] . However, one of the major drawbacks of LIBS is its low detection sensitivity in determining trace elements. To enhance the LIBS sensitivity, various approaches have been proposed to improve the analytical performance of the technique, such as controlling the atmosphere, multiple pulse excitation, introduction of inert gas [12] [13] [14] [15] , and spectra normalization [16] [17] [18] .
The sensitivity of LIBS can be significantly improved using the methods described above [19, 20] . However, there are two drawbacks: one is the increased complexity of the LIBS setup, and the other is the increased cost of using more than one laser. Besides adding lasers or introducing gases, another simple, flexible, and cost-effective approach is plasma confinement, which can easily be used to improve the detection sensitivity of LIBS. Along with the generation and expansion of the laser-induced plasma in air, a shock wave would be generated. During the shock wave expansion, it would be reflected back when it encounters obstacles such as a plate wall or a cylindrical wall and would compress the plasma plume [21] . The compressed plasma would lead to an increased collision rate among the particles, resulting in an increased number of atoms in high-energy states and, hence, reheating and maintaining a higher temperature in the plasma to enhance the emission intensity. Different cavity configurations have been studied for their confinement effects in air. Corsi et al. created two different crater depths (1 mm in diameter, and 1 mm and 1.5 mm in depth) with a drill on a copper sample. It was shown that the confinement effect produced by the craters enhances the LIBS signal [22] . Shen et al. used a series of cylindrical pipes with different diameters to confine the plasma and showed that the maximum signal enhancement factor was about 9 [23] . Popov et al. reported the confinement effect of plasmas created in a small capped cylindrical chamber whose size was 4 mm by 4 mm, improved the limit of detection (LOD) by two to five times for different elements [24, 25] . Our previous research also showed the enhancement of plasmas confined with an aluminum hemispherical cavity, resulting in an enhancement factor of 12 for Mn lines in a substrate with a low Mn concentration [26, 27] . Wang et al fabricated a polytetrafluoroethylene (PTFE) plate of 1.5 mm thick with a diameter of 3 mm to regularize coal plasma. It was verified that the configuration both enhanced the spectral line intensity and reduced shot-to-shot fluctuation [28] . However, previous research focused mainly on the sensitivity improvement of elements with high concentrations using spatial confinement, i.e., their research priorities were on qualitative analysis but rarely on the accuracy of the quantitative analysis improvement as described above.
In this study, our main aim was to investigate the accuracy of the quantitative analysis improvement of low concentration elements with optical thin lines from LIBS measurement using spatial confining of plasmas, based on the enhancement of optical emission spectra of the plasmas.
Experimental methods
The schematic diagram of the experimental setup used in this study is shown in Fig. 1 . The experiments were conducted in open air. A third harmonic Q-switched Nd:YAG laser (Quantel Brilliant, pulse duration: 5 ns) operating at 355 nm with a repetition rate of 10 Hz was used for plasma generation. The laser beam was reflected by a dichroic mirror and focused by a UV-grade quartz lens (focal length, 15 cm), through the 2-mm hole at the top of hemispherical cavities (aluminum, diameter: 5, 6, 7, and 8 mm) onto the steel targets. The reflection band of the dichroic mirror is from 345 to 404 nm, which reflects the laser beam but transmits the other wavelengths from the plasmas. Plasma plumes with a size of several millimeters were generated at the center of the hemisphere on top of the sample surface. The emission from the laser-induced plasmas were collected through the top hole, and coupled to an optical fiber by the UV-grade quartz lens and a light collector (Ocean Optics, 84-UV-25, wavelength range: 200-2000 nm). The optical fiber has a 50-μm core diameter with its output end connected to an echelle spectrometer (Andor Tech., Mechelle 5000). The wavelength range of the spectrograph is 200-950 nm with a spectral resolution of λ/Δλ 5000 = . A 1024 × 1024 pixel intensified charge-coupled device (ICCD) (Andor Tech., iStar DH-334T) was attached to the exit focal plane of the spectrograph and was used to detect the spectrally resolved lines. The ICCD detector was operated in the gated mode. The gate delay and width of the ICCD were adjusted so that the spectra, at different time delays after the laser pulse, can be obtained. Data acquisition and analysis were performed with a personal computer. Seven steel samples (GSB03-2582-2010, PanGang Group Research Institute Co. Ltd, Sichuan Province, China,) with V, Cr, and Mn concentrations lower than 0.827%, 0.157%, and 2.06%, respectively, as well as matrix element Fe were used in this study. Concentrations of these elements are listed in Table 1 with their standard deviations. 
Results and discussion

Time-integrated LIBS of V, Cr, and Mn in the steel samples
First, the time-integrated LIBS spectra of laser-induced V, Cr, and Mn plasmas from the steel samples were measured to demonstrate the intensity enhancement effects of the low concentration elements. As shown in Fig. 2 , the emission spectra of V, Cr, and Mn from steel sample No. 7 were obtained in a spectral range of 424-495 nm with (solid curves) and without (short dotted curves) the presence of a hemispherical cavity with a diameter of 5 mm under otherwise the same conditions. The Nd:YAG laser beam was focused to a spot size around 0.42 mm in diameter, with a laser fluence of 42.9 J/cm 2 . The gate delay and gate width were 2.5 and 0. 
Influence of different cavity diameters
To optimize the cavity dimension in this study, an emission intensity of V I 440.85 nm was obtained from the steel samples, using hemispheric cavities with diameters of 4 (diamond dots and curve), 5 (pentagon dots and curve), 6 (triangle dots and curve), and 7 (circle dots and curve), respectively, as shown in Fig. 3 . The ICCD started to acquire spectra from 0.5 μs after the plasma produced, with a gate width of 0.5 μs and a step of 0.5 μs. The intensity of V atomic lines without a cavity (square dots and curve) was also plotted for comparison. Comparing the case with the spatial confinement using the 5 mm hemispheric cavity (pentagon dots and curve) with the case without confinement (square dots and curve), the emission intensity of V I 440.85 nm had no significant difference at a delay time of 1.0 μs. After that, the emission intensity started to increase slowly and then rapidly at delay times from 1.5 to 2.5μs. It decreased quickly after 2.5μs. The strongest enhancement was attained at a delay time of 2.5 μs, reaching an enhancement factor (compared to that without confinement) of about 4.2. Similar results were obtained when adopting cavity diameters of 6 and 7 mm. From a delay time of 3 μs, the emission intensity with the cavity suddenly started to increase linearly, indicating that the reflected shockwave collided with the propagating plasma front at this time. As the cavity size increased, the enhancement effect occurred later and became weaker. The enhancement factors for the cavity sizes of 6 and 7 mm were about 3.1 and 2.87, which were attained at delay times of 4.5 and 5 μs, respectively. It was slightly different for the cavity size of 4 mm. The emission intensity decreased slowly from 0.5 to 1.5 μs, then suddenly started to decrease linearly from 1.5 μs. The cavity was too small, so the reflected shockwave was not able to regularize the plasma due to energy dissipation [28] . The best enhancement was achieved at a delay time of 2.5 μs, reaching an enhancement factor of about 3.9. It can be seen that the cavity with a diameter of 5 mm had the best confinement. 
The influence of the laser energy
Having selected an appropriate cavity size, the laser fluence was adjusted to further improve the enhancement effects. Figure 4 shows the temporal evolution of the emission intensity from V atomic lines with the presence of the hemispherical cavity under different laser fluences of 37.4, 40.6, 42.9, 44.2, and 46.3 J/cm 2 , respectively. The signals were acquired from 0.5 μs after the plasma produced, with a gate width of 0.5 μs and a step of 0.5 μs. As the laser fluence decreased, the time delay for the maximum enhancement appeared at 2, 2.5, 2.5, 2.5, and 3 μs, respectively. A longer delay time for the maximum enhancement was due to the fact that the speed of the shock wave was proportional to the value of the laser fluence [21] . Lower laser fluence produced a slower shock wave which needed longer traveling time to compress the plasma. It can be seen that the best enhancement was obtained at the delay time of 2.5 μs, with a fluence of 42.9 J/cm 2 . 
Calibration curves for V, Cr, and Mn
To avoid a number of experimental parameters that are difficult to measure, the internal standardization method has been used widely in the LIBS, the ratio of the line intensity of a low element to the emission line of the internal standard was measured and plotted as a function of the known concentration ratios in the reference samples. These plots defined the calibration curves that allow quantitative analysis in unknown samples [29] . Based on the results previously described, a combination of 5 mm hemispherical cavity and a laser fluence of 42.9 J/cm 2 have the best confinement effect. The low-concentration elements V, Cr, and From these results, it was calculated that the correlation coefficients of the ratio (R 2 ) of the V I 440.85/Fe I 438.35 nm with (triangle dots and solid curve) and without (circle dots and dashed curve) the cavity were 0.981 and 0.946, respectively, as shown in Fig. 5(a) . The Therefore, the accuracy of quantitative analysis of low concentration elements, such as V, Cr, and Mn, in steel samples was improved with spatial confinement. In the experiment, a shock wave was produced by the initial explosive pressure along with the plasma generation and spread out as a spherical wave with a high supersonic velocity [30] . When the spherical wave encountered the hemispherical cavity wall, it uniformly reflected and traveled back towards the plasma center. The plasma was compressed and become uniform; therefore, the spectral line intensity was enhanced. As a result, the accuracy of quantitative analysis was improved [27, 28] .
Conclusions
In this work, the accuracy of quantitative analysis was improved by spatial confinement in laser-induced breakdown spectroscopy. The plasma produced by a Nd:YAG laser in air from steel targets was confined by a cavity. A number of elements with low concentrations, such as vanadium (V), chromium (Cr), and manganese (Mn), in the steel samples were investigated. After the optimization of spatial dimension and laser fluence, significant enhancement factors of 4.2, 3.1, and 2.87 in the emission intensity of V, Cr, and Mn lines, respectively, were achieved at a laser fluence of 42.9 J/cm 2 with a hemispherical cavity (diameter: 5 mm). More importantly, the correlation coefficient of the V I 440.85/Fe I 438.35 nm was increased from 0.946 (without the cavity) to 0.981 (with the cavity), and similar results for Cr I 425.43/Fe I 425.08 nm and Mn I 476.64/Fe I 492.05 nm without and with a cavity were 0.973 and 0.986, 0.945 and 0.989, respectively, were also obtained. Therefore, the accuracy of quantitative analysis of low concentration elements such as V, Cr, and Mn in steel samples was improved with spatial confinement. The results of this study provide a new pathway for improving the accuracy of quantitative analysis of LIBS.
